Abstract. The hypothesis of NO 2 toxicity as the causative factor of NO;-inhibition of nitrogenase (N2ase; EC 1.18.6.1) activity has been evaluated using a short-term exposure (3 d) of several legumes. Treatment of plants with 10 mM NO;-induced nitrate reductase (NR) from bacteroids (EC 1.7.99.4) and nodule cytosol (EC 1.6.6.1) in most species. Regardless of the levels of both enzymes, significant accumulation of NO 2 did not occur in nodules. Dissection of nodules into cortical and infected regions, and subsequent NO 2 assays in conditions that suppressed enzyme activities, indicated that, in the short-term, bacteroid NR does not generate NO 2 in vivo. This is probably because NO;-access is restricted to the nodule cortex. Accumulation of NO] at levels that are damaging for Nzase and leghaemoglobin were only observed when a delay occurred between dissection and assaying of nodules. It is concluded that NO] is not responsible for the initial NO;--induced decline of Nzase activity, and that toxic amounts of NO 2 only build up in nodules following longer exposures to NO;-, when this anion is actively reduced by bacteroid and cytosol enzymes.
Introduction
The role of nodule NO;-metabolism in the inhibition of nitrogenase (N/ase) is highly controversial. In general, experiments using bacterial (Gibson * To whom correspondence should be addressed Abbreviations: Lb=leghaemoglobin; NiR=nitrite reductase; NR(A) = nitrate reductase (activity); Nzase = nitrogenase and Pagan 1977; Manhart and Wong 1980) or plant (Vigue and Warner 1987; Nelson and Edie 1988) mutants deficient in nitrate reductase (NR) exclude an effect mediated by NO;. Also, recent experiments indicate that NO;-does not enter the bacteroid region and suggest that NO 2 accumulation in soybean nodules is an artifact Giannakis et al. 1988 ). On the other hand, evidence has been presented that NO;-does reach the nodule infected region, where it is further metabolized by bacteroid enzymes: NO;-is denitrified in intact soybean nodules (Smith and Smith 1986) , and NO] accumulates concurrent with bacteroid NR induction, without variation in cytosolic nitrate-reductase activity (NRA) in lucerne nodules (Becana et al. 1988) .
A plausible explanation for reconciling these apparently contradictory results may be the diversity of experimental situations used with respect to NO;-concentration, treatment duration and legume species-bacterial strain combination (Becana and Sprent 1987) . In this study, several legumes varying in their bacteroid and nodule cytosol NRAs were exposed to NO~-for a period of time (3 d)judged sufficient to substantially inhibit N2ase activity (e.g. Rigaud 1976 ) without triggering the typical morphological and biochemical changes associated with nodule senescence. Our objectives were to determine whether, in the shortterm: (i) NO;-enters the bacteroid zone in nodules of an extended number of species; (ii) NO 2 accumulation is artifactual; and (iii) toxic amounts of NO 2 can be generated in nodules by the bacteroidal or, in its absence, the cytosolic enzyme.
Material and methods
Bacterial culture. The following species and strains were used: Rhizobium leguminosarum vat. phaseoli strain 3622 and var. viceae strain 29d (Welsh Plant Breeding Station, Aberystwyth, UK); Bradyrhizobium japonicum strain 61A149 (University of Navarra, Pamplona, Spain); B. sp. strain BR7301 (EMBRAPA, Rio de Janeiro, Brazil).
Bacteria were grown at room temperature (22 ~ C) with orbital shaking in 250-ml Erlenmeyer flasks containing 40 ml of the following media: (1) yeast extract-mannitol-agar (YEMA) (Becana and Salin 1989) ; (2) YEMA supplemented with 5 mM KNO3; (3) defined medium as Manhart and Wong (1979) , except with 5 mM KNO3 and 1 mM Ca (NO3)2.2 H20 as N source; and (4) medium 3 minus arabinose and plus 9 mM sodium glutamate.
Preparation of bacterial cell-free extracts. Bacteria were collected at the stationary phase of the cell cycle by centrifugation at 10000.g for 10 min, washed twice with 100 mM potassium phosphate (pH 7.5), resuspended in 5 ml of the same buffer and disrupted by sonic oscillation at 0~ (five 1-min pulses with 1-min breaks; M.S.E. ultrasonicator, full power). Previous analysis of released protein revealed total breakage of cells in these conditions. Cellular debris were eliminated by a second centrifugation at 15000.g for 15 min. Nitrate-reductase activity was assayed using the same procedure as for bacteroids (Becana et al. 1988 Seeds were germinated in Petri dishes, transferred to pots containing a 1:1 (v:v) mixture of perlite-vermiculite, and immediately inoculated with the appropriate rhizobia or bradyrhizobia [grown in medium (1) until stationary phase]. Plants were grown in a controlled-environment chamber at a 25/15 ~ C and 70/80% relative humidity light/dark regime. The photon flux density was 500 Ixmol. m-2. s-1 (photosynthetically active radiation) for a 14-h photoperiod. Plants were watered three times a week alternatively with water and N-free nutrient solution (Becana and Salin 1989 Nitrate-reductase activities and nitrite contents. Bacteroids and cytosol were isolated from 0.5 g fresh nodules and their NRAs were determined as indicated previously (Becana et al. 1988) . Nodules were thoroughly washed with distilled water to eliminate adsorbed NO3 before extraction.
Nitrite concentrations of bacteroids and whole nodules were determined as described earlier (Becana et al. 1988 ). In the latter case, 0.3 g nodules and 3 ml 1 M zinc acetate as extractant were used. When required, uniformly large-sized nodules were selected, halved and divided into cortical and infected regions by careful dissection with the point of a needle. Samples of 0.05-0.10 g cortical or central regions were processed as for whole nodules but with 2 ml extractant, either immediately or after 60 min. These latter samples were kept on ice until maceration. For each NO2 determination about 25 nodules were used, and the results first expressed as nmol NO~--(nodule)-1. Estimates of concentrations in nmol. (g FW)-1 were made by assuming an average number of 100 nodules.(g FW) -1. This value was calculated by counting a minimum of ten 1-g samples of both V. unguiculata and V. radiata. Leghaemoglobin (Lb) and protein concentration. Total haem content (96-98% Lb) was assessed by fluorometry (Becana et al. 1988 ). Proteins were determined by the method of Bradford (1976) using 50-p.1 aliquots and bovine serum albumin as the reference.
Results and discussion
Complex media, supplemented or not with NO3, are not suitable for NR expression in rhizobia and bradyrhizobia ( Table 1 ). The enzyme was only consistently induced in defined media with NO 3 as the sole N source. Comparable results were obtained by Manhart and Wong (1979) using a variety of bacterial strains. When glutamate was added, very low NRAs were observed (Table 1) because of the preference of bacteria for using glutamate over NO~-. These results show that all species examined here are capable of expressing NR and assimilating NO3, even that (R. leguminosarum) not doing so in symbiosis (see Table 3 ; Manhart and Wong 1979; Streeter 1985 Vignaunguieulata 5.5 a 4.9a 5.5 a 4.8b 2,6a 1.7b
finding of a higher susceptibility of cytosolic proteins to NO~-induced degradation as compared with that of bacteroid proteins confirms the studies by others concerning the physiological senescence of soybean nodules (Pfeiffer et al. 1983 ). Leghaemoglobin content remained unchanged in most species, but decreased by 35% in V. unguiculata (Table 2 ). Thus, with the possible exception of V.
unguiculata, quantitative changes of Lb are not responsible for the short-term inhibition of Nzase activity (see also Franco-Vizcaino et al. 1988 ). Nitrate reductase activity was not found in bacteroids from Phaseolus or Pisum nodules and little activity was detected in bacteroids from Glycine not given NO~; in this case, specific NRA was enhanced six fold on NO~ addition (Table 3) . Bacteroids from V. radiata and V. unguiculata showed very higher specific NRAs in the absence of NO~ : 1.1 and 2.0 gmol NO 2 produced.(mg protein) -t. h-*, respectively. These activities represent a constitutive level of the enzyme, as no traces of NO~ or NO~ could be detected in the N-free nutrient solution or in the rooting medium. When V. radiata and V. unguiculata plants were supplied with NO~-, bacteroid-specific NRAs were induced 2.1-and 1.2-fold, respectively. Increases of NRAs expressed on a nodule-fresh-weight basis were similar to those of NRAs expressed on a protein basis (Table 3) due to the very small variation in protein content of bacteroids per unit of nodule fresh weight (Table 2) . Using elevated amounts of polyvinylpolypyrrolidone, mannitol and dithiothreitol in the extraction medium (Streeter 1982) significant levels of constitutive NR were detected, although far lower in Pisum and V. unguiculata (three-to fourfold) than in the remaining species (Table 3) . Nitrate caused a marked increment (1.5-to 2-fold) in the NRAs of all legumes, except in Pisum, where NRA decreased. This agrees with the results of V6zina et al. (1988) but not with those of Streeter (1985) or Chalifour and Nelson (1988) . In the last two cases, however, the authors used longer exposures to NO 3 (>7 d) than those reported herein. The induction of nodule cytosol NRs has not been previously described for so many species, probably because of the enzyme lability and the use of less efficient extraction and assay media (compare Becana et al. 1985b and . Also, the fact that cytosol NRA returns to the control level when treating the plants with high NOr concentrations over several days (Becana et al. 1988 ) may explain the failure to detect induction of the enzyme in some cases (Hunter 1983; Becana etal. 1985b; Streeter 1985) . Conversely, when NO~ concentrations are low (Becana et al. 1988) or exposures are short-term (Stephens and Neyra 1983) , induction of cytosol NR is observed. Table 3 . Nitrate-reductase activities of bacteroids and cytosol from nodules of various legumes treated or not with 10 mM NO~ for 3 d. Data are means (n = 3-6). Statistical analysis as in Table 2 Legume species Nitrate-reductase activity The induction of cytosol NR (Table 3 ) also indicates that activity of this enzyme is contributing to the plant's reduced-N fraction. Generation of NO 2 by nodule cytosol NR has been described in various legumes treated with NO3 for long periods of time (Streeter 1982 (Streeter , 1985 Becana etal. 1988) , and assimilation of 15NO~ to 15NH~-has been shown to occur in soybean and lucerne nodules (see Becana and Sprent 1987) . Also, Heckmann and Drevon (1988) have hypothesized that cytosol NRA can compete with bacteroids and mitochondria for the pool of reducing power available in nodules, and this may be the cause for Nzase depression.
Extraction of NO 2 from whole nodules at 0 ~ C with relatively large volumes of I M zinc acetate (1-4 ml. (0.1 g nodules)-1) fully inhibits bacteroid and plant NRAs, precluding possible artifacts due to the continuing metabolism of NO~ (see below; Becana et al. 1988; Giannakis et al. 1988) . When assayed in this way, NO 2 concentrations of untreated whole nodules were virtually zero for all species, and traces represented analytical error (Table 4). Nitrite could be found only in some NO~--treated nodules: small amounts in Glycine and slightly larger ones in V. radiata. A possible interfering factor when determining NO] in nodules is the presence of Lb, which avidly binds NO2 to form its nitrosyl derivative (Maskall et al. 1977) . As a result, the concentration of free NO~-may appear artificially low. However, the amount of Lb-bound NO~-has been estimated to be around 10% of the total (Heckmann 1987) , and therefore the observed values of NO~-are unlikely to be a significant underestimation.
On the other hand, bacteroids used for NO~ assays were isolated at 0~ in buffer instead of zinc acetate to avoid their possible disruption, and their NO~ content was immediately determined (Becana et al. 1988 ). Bacteroids contained negligible amounts of NO~ (Table 4 ), indicating that this anion, when present, is located in the plant fraction of nodules. Nodules were separated into cortical and infected regions to study the failure of V. unguiculata nodules to accumulate NO2 (Table 4) , despite the high activity and induction of NR in their bacteroids (Table 3) . Data in Table 5 demonstrate that NO] does not accumulate if nodule integrity is preserved, and that very small quantities accumulate after dissection and immediate NOZ extraction. In contrast, if a delay occurs between dissection and processing, large amounts of NO 2 build up, especially in the infected region. The same experiment with V. radiata nodules produced almost identical results (data not shown). Such results provide clear evidence that production of NO~-following nodule dissection is artifactual and occurs when NO 3 from the cortex comes into contact with the bacteroids during nodule manipulation. It is known that NO~-is present in large amounts in the cortical tissue but not in the infected region . The absence of NO2 within well-washed bacteroids (Table 4 ) also supports the idea that the separation of NO 3 from the bacteroids, possibly by location in the cytosol of the cortical cells, limits bacteroid NRA (see below). Had NO~-entered the bacteroids, NRA would have produced considerable amounts of NO 2 (Table 5) .
Other authors (Manhart and Wong 1980; Stephens and Neyra 1983; Wasfi and Prioul 1986) have reported short-term NO 2 accumulation in nodules with high bacteroidal NRAs, but these results can be attributed to the use of conditions (small volumes of zinc acetate, alkaline buffers) not stringent enough to immediately suppress bacteroid enzyme activities during extraction (see Giannakis et al. 1988 ).
Finally, the results reported here raise two intriguing points. The first of these is the relative inefficiency of nodule nitrite reductase (NiR) to scavenge the NO~ accumulated in the cytosol. Some explanations have been advanced, such as the compartmentation of NiR in plastids and the inhibitory effect of anaerobiosis on NiR activity (Heckmann and Drevon 1988) . However, it is questionable if they can account for the presence of high levels of free NO2 in the cytosol following longterm exposure to NO~, given the excess of NiR over NR and the induction of NiR repeatedly observed in NO~-treated nodules (e.g. Stephens and Neyra 1983; Becana etal. 1985b; Streeter 1985; Chalifour and Nelson 1988) . The second point concerns the induction of bacteroidal NR, considering that NOf (and presumably NO2) is confined to the nodule cortex. It is known that low external Oz concentrations greatly enhance NRA of isolated bacteroids, presumably because NOf can be used as a terminal electron acceptor instead of Oz (Manhart and Wong 1979; Ohyama and Kumazawa 1987) . We propose that, in the short-term, bacteroid NR is not substrate-induced following exposure of plants to NO~ but its synthesis is stimulated by a diminution of 02 concentration within the bacteroid zone. Evidence for this diminution is provided in an acompanying paper (Minchin et al. 1989 ). This proposal is also supported by studies showing that anaerobiosis enhances NR synthesis in free-living and symbiotic (brady)rhizobia, and that the enzyme synthesis and degradation is controlled by Oz rather than NO~ (Daniel and Gray 1976; O'Hara et al. 1983) . The possibility that the induction of bacteroidal NR is an artifact from nodule maceration can be ruled out because the immediate assay for the enzymes does not allow its de-novo synthesis.
Conclusions
By combining the data presented here with those published earlier (see review by Becana and Sprent 1987) it is now possible to conceive an overall picture in which the synthesis and accumulation of NO 2 in nodules will vary in relation to the duration of exposure and concentration of NOr, and levels of bacteroid and cytosol NRA. Four situations can be tentatively recognized:
(1) Short-term (_<3 d). Nitrate does not gain access to the bacteroid region and therefore bacteroid NRA is substrate-limited. Nevertheless, induction of the bacteroid enzyme, along with that of the cytosol, can take place (compare Minchin et al. 1989) . Small amounts of NO~ produced by cytosol NR can accumulate in the cytosol but not in bacteroids; these quantities are not sufficient to interfere with N2ase or Lb functions. At this stage, Lb is not usually degraded (this report).
(2) Medium-term ( -~ 7 d) and low NO~ concentrations (< 5 mM). Nitrate still does not reach the bacteroids. Nodule cytosol NR remains induced and generates NO2, which accumulates in the cytosol. The amounts of NO 2 may, in some cases, be already toxic, but Lb content is not yet affected (Becana et al. 1988) .
(3) Medium-term and high NO~ concentrations (10-20 mM). Nitrate enters the bacteroids and high amounts of NO 2 are produced by cytosol and bacteroid NRAs. Cytosol NRA may, however, decrease again. Nodules senesce rapidly, with an increase in proteolysis of Lb (and other soluble proteins), destruction of its haem group and formation of biliverdin-like pigments (Becana et al. 1985a (Becana et al. , b, 1988 .
(4) Medium-term and very high NO~ concentrations (> 20 mM). A large induction of bacteroid NR occurs, which actively reduces NOr entering from the cortex and efficiently excretes NO 2 to the cytoplasm. Cytosol NRA returns to the control (non-treated) level. Toxic amounts of NO 2 can be found in the cytoplasm, and, when bacteroids exhibit very high NRA, NO2 accumulation can be recorded within them. Nodules deteriorate very rapidly and no longer exhibit physiological responses (Becana et al. 1985a, b) .
Obviously, these situations will be modified in symbioses where bacteroid NRA is not expressed.
